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Abstract
Planck scale lepton number violation is an interesting and natural possibility to explain non-zero neutrino
masses. We consider such operators in the context of Randall-Sundrum (RS1) scenarios. Implementation
of this scenario with a single Higgs localized on the IR brane (standard RS1) is not phenomenologically
viable as they lead to inconsistencies in the charged lepton mass fits. In this work we propose a set-up
with two Higgs doublets. We present a detailed numerical analysis of the fits to fermion masses and mixing
angles. This model solves the issues regarding the fermion mass fits but solutions with consistent electroweak
symmetry breaking are highly fine tuned. A simple resolution is to consider supersymmetry in the bulk and
a detailed discussion of which is provided. Constraints from flavour are found to be strong and Minimal
Flavour Violation (MFV) is imposed to alleviate them.
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I. INTRODUCTION
One of the most puzzling features of the Standard Model is the existence of extremely small but
non-zero neutrino masses [1]. Extension of the SM fermion content by the introduction of right
handed neutrinos offers a possible solution to understand this intriguing aspect about neutrinos.
Majorana mass terms for the right handed neutrinos are included in the lagrangian. If the Majorana
mass is far greater that the Dirac mass i.e. MR  mD and assuming one flavour for simplicity,
the light neutrino mass is given by the expression mν ∼ m
2
D
MR
. This phenomenon is referred to as
the ‘see-saw’ mechanism [2]. For mD ∼MEWSB ∼ 200 GeV, choice of MR ∼ 1014 GeV will result
in light neutrino mass mν ∼ 0.01 eV. This is called see-saw mechanism of Type-1 where the right
handed fermion is a singlet under the SU(2)L gauge group. There are two other types of see-saw
mechanism referred to as Type-II and Type-III. In Type-II, a scalar triplet is added to the SM
matter content. Type-III also contains a right handed fermion but is a triplet under SU(2)L. A
detailed review of the various types of see-saw mechanism can be found for example in [3, 4].
The see-saw mechanisms ascribe a Majorana nature to the neutrino which violate lepton num-
ber. It is not yet known whether neutrinos are of Dirac or Majorana type. Though there is no
experimental evidence favoring either of them, theoretically the realization of Dirac type neutrino
seems less natural than Majorana neutrinos as it requires the assumption of global lepton number
conservation. This is because the assumption of conservation of global symmetries lead to problems
in fundamental theories of quantum gravity 1[7]
It is also possible to generate small neutrino masses without extending the SM field content. This
is possible by the introduction of higher dimensional lepton number violating operators of the form
LLHH. These operators are in general suppressed by the Planck scale. This is because the origin
of this operator can be traced up to the lepton number breaking effects at the quantum gravity
scale which is typically the Planck scale. In 4D however, such operators with O(1) co-efficients
lead to neutrino masses of O
(
v2
MPl
)
which are very small. They would require an enhancement
in the co-efficients of these operators of the O(103 − 104) to generate neutrino masses near the
atmospheric scale. This is not viable as it would lead to non-perturbativity in the calculations.
Instead such operators suppressed by sub-Planckian scales (∼ 1014 GeV) are then introduced to
generate the neutrino masses. However, in addition to the introduction of an intermediate scale
(between the Planck and EW scale), it also weakens the motivation of their Planckian scale origins.
1 It has been shown that Dirac neutrinos are possible even in the presence of explicit lepton number violating terms
in the RS model, where lepton number violation can be hidden in the extra-dimensions[5, 6]
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In an attempt to revive the Planck scale suppressed operators, we shall consider them in the
context of extradimensional models. One advantage of considering such models is that in the
effective 4D theory the suppressing scale is in general less than the Planck scale. This is because
the effective 4D scale is defined in terms of the Planck scale as Λ = fbulkMPl, where fbulk is
a function of fundamental bulk parameters of the theory. A particular realization of the extra-
dimensional framework we consider here, is the one proposed by Randall and Sundrum [8]. It
consists of a single extra-dimension compactified on an S1/Z2 orbifold. A 3-brane is introduced
at each of the orbifold fixed points i.e. at y = 0 and y = piR. The presence of a large negative
bulk energy density attributes a warped geometry to the bulk. Introduction of brane-localized
sources results in a vanishing cosmological constant on the branes. Identifying the scale of physics
at the y = 0 brane as the Planck scale, the effective UV scale induced at the brane at y = piR
is given as e−kRpik where R is the radius of compactification and k is the reduced Planck scale.
Choosing kR ∼ 11 we find that Planck scale masses are naturally warped down to the TeV scale
on the y = piR brane with O(1) choice of model parameters thus providing an elegant solution
to the hierarchy problem. The geometry of RS also offers a natural explanation to the observed
hierarchical masses of fermions by means of the split fermion approach introduced in [9] and applied
to the RS framework in [10].
Neutrino masses and flavour phenomenology in RS model have been previously considered in
[11–23]. More recently in [24] a detailed analysis of various models of neutrino mass generation was
considered. In particular, the Planck scale lepton number violating operators was studied. It was
observed that in a regular RS setup, realization of Planck scale lepton number violating operators
(LLHH) led to unattractive solutions as far as fitting of charged lepton masses are concerned. In
this case the small neutrino mass was determined entirely by the bulk mass parameters for the
leptonic doublets. In scenarios with large warping (∼ 10−16), the zero mode for the doublets was
localized towards the UV brane to fit eV scale neutrino masses. To offset the UV localization of the
zero mode doublets, the charged singlets are required to be localized very close to the IR, near the
Higgs, to fit the charged lepton masses. This leads to non-perturbative Yukawa couplings between
the zero mode singlets and the higher KK modes. For flavour processes this rendered the higher
order diagrams incalculable. In addition this scenario is not tenable as it leads to reintroduction
of large hierarchies among the bulk mass parameters.
In this work we revisit the LHLH operator in a regular RS setup. The goal of the study is to
revive the LLHH type scenario wherein it could lead to a consistent description of lepton mass and
mixing data. To our knowledge this is the first explicit neutrino mass model in a regular RS setup
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(with warp factor  ∼ 10−16) wherein Planck scale operators is consistent phenomenologically.
We consider a two Higgs doublet model of Type II. One Higgs doublet ( say Hu) couples to the
neutrino (up-sector) while the other Higgs doublet (say Hd) which couples to the charged lepton
sector (down sector). The key idea is to disentangle the Yukawa couplings for the up and the
down sector. The presence of two bulk Higgs presents itself with following four possibilities for the
localization of the zero mode:
A) The zero mode of Hu is localized close to the IR brane while that of Hd is localized close to the
UV brane.
B)The zero mode of Hd is localized close to the IR brane while the zero mode of Hu is localized
close to the UV brane. The localization of the zero modes are flipped with respect to configuration
A. However, Hu cannot be localized very close to the UV brane as it will lead to very small neutrino
masses.
C)The zero mode of both the Higgs doublets are localized near the UV brane. Similar constraints
on the localization of Hu applies in this case as well. If Hu and Hd are localized at the same point
near the UV brane then this scenario is equivalent to a single bulk Higgs scenario.
D)The zero mode of both the Higgs doublets are localized near the IR brane. Hd cannot be strongly
localized near the IR brane as it will lead to the re-introduction of hierarchies in the bulk masses
of the charged singlets as observed in [24].
All the configurations results in a situation where the lepton masses and mixing angles can be
fit with O(1) choice of bulk mass parameters. Technique of χ2 minimization introduced in [24] is
adapted to identify the parameter space of bulk masses which fit the data. Configurations A and B
are less favoured than C and D when the hadronic sector fits are taken into account. Electro-weak
symmetry breaking for all the four configurations can only be realised with large fine tuning in the
O(1) couplings of the two Higgs doublet potential. This renders some of the couplings to be non-
perturbative. We propose a solution by super-symmetrizing the model. Constraints from lepton
flavour and particularly the loop induced decays are very strong. The contribution to such decays
is very large for low lying KK masses of fermions. Supersymmetric contributions are neglected by
raising the soft mass scale. The ansatz of Minimal Flavour Violation (MFV) is then applied to
alleviate the bounds. It is to be noted that while the solution to the hierarchy problem may be
compromised in this case owing to the particular localization of Higgs fields, the assumption of
supersymmetry helps resolve the issue.
The rest of the paper is organized as follows: We begin with a brief discussion of the LLHH
operator in RS model with a single Higgs in Section[II]. This provides the necessary motivation
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to consider a set-up with an additional Higgs in the bulk. Yukawa coupling of fermions with a
bulk Higgs are derived in Section[III]. Numerical fits to the lepton mass and mixing angles are
discussed. We also present the results of the fits to the hadronic sector. In Section[IV] we address
a few issues regarding the Electroweak symmetry Breaking (EWSB) specific to the scenario under
consideration. We find that significant amount of fine tuning is required for all four configurations
to satisfy the electroweak symmetry breaking conditions. The scenarios can be rescued by imposing
4D supersymmtery in the presence of bulk multiplets and is discussed in Section[V]. Lepton Flavour
violation is considered in Section[VI]. The details regarding the coupling of fermions to the scalar
mass eigenstates are presented in the Appendix[B]. In Section[VII] Minimal Flavour Violation and
it’s application to leptonic case with no right handed neutrinos is considered. We conclude in
Section[VIII].
II. PLANCK SCALE LEPTON NUMBER VIOLATING OPERATORS IN STANDARD RS
SCENARIOS
In this section providing the necessary motivation to consider models with two Higgs doublets
in the presence of Planck scale lepton number violating operators. Consider a single Higgs doublet
(H) localized on the IR brane. The Yukawa part of the action for the leptons is given as
SY uk ⊃
∫
d4xdyδ(y − piR)
[(
κ
1
Λ(5)
LLHH + YEL¯HER . . .
)]
(1)
where Λ(5) ∼ 2.2 × 1018 GeV. Here L(E) stands for doublet(singlet). Using the following KK
expansion for the bulk fields
LL(x, y) =
∞∑
n=0
1√
piR
e2σ(y)L
(n)
L (x)f
(n)
L (y) ; LR(x, y) =
∞∑
n=0
1√
piR
e2σ(y)L
(n)
R (x)χ
(n)
L (y)
ER(x, y) =
∞∑
n=0
1√
piR
e2σ(y)E
(n)
R (x)f
(n)
E (y) ; El(x, y) =
∞∑
n=0
1√
piR
e2σ(y)E
(n)
L (x)χ
(n)
E (y)
(2)
where L,R denote chirality. We assume LL, ER to be even under Z2 and hence non-vanishing on
the brane while LR, EL are odd. Integrating over y, we arrive at the following effective 4D mass
matrix for the neutrino
(mν)ij = κ
′
ijNcLiNcLj 
cLi−cLj−2
∼ κ
′
ij
Λ(5)

cLi−cLj−1 cL > 0.5 (3)
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where κ′ = 2kκ and  = e−kRpi ∼ 10−16. The normalization factor is given as
Nca =
√
0.5− ca
2ca−1 − 1 (4)
where a = L,R. Since Λ(5) ∼ TeV, we find that cL ∼ 0.9 is required to fit neutrino mass O(0.04)
eV. Turning our attention to the charged leptons, the mass matrix can be obtained from Eq.(1) as
(mE)ij = NcLiNcEj 
cLi−cEj−1 (5)
In order to fit the small neutrino masses, the zero mode of the doublets are required to be very
close to the UV brane (cL ∼ 0.9). To offset the UV localization of the doublets, the corresponding
zero modes for the charged singlets are required to be localized very close to the IR brane to fit
the charged lepton masses. Quantitatively, the c values for the charged singlets vary from −100 to
−107 from the first to the third generation, thus resulting in the reintroduction of hierarchies in
the bulk mass parameters. The bulk masses are above the cutoff scale and the effective 4D Yukawa
coupling of the the SM singlets to the KK modes are non-perturbative. As a result a setup with a
Higgs localized near the IR brane is not very attractive.
III. PLANCK SCALE LEPTON NUMBER VIOLATION WITH BULK HIGGSES
We now explore Planck scale lepton number violating operators in a RS set up with bulk Higgs.
In [25], such an operator were considered in a RS model with a smaller warp factor (∼ 10−2) and
was shown to generate correct neutrino masses. In this case however, we consider the RS model
with large warp factor ∼ 10−16 as in the original setup [8]. An RS model with two Higgs doublets,
labeled as Hu and Hd is studied. Hu couples to the up(neutrino) sector while Hd couples only
to the down(charged lepton) sector. Such models are referred to as two Higgs doublet models of
Type-II. The basic idea is to decouple the neutral lepton and the charged lepton Yukawa couplings.
The Yukawa part of action for the leptonic and hadronic sector with two Higgs doublets is given
as
SY uk ⊃
∫
d4xdy
[(
κ
1
Λ(5)
LLHuHu + YEL¯HdE + YU Q¯H˜uU + YDQ¯HdD
)]
(6)
where H˜u = iσ2H
∗
u. Here Hu and Hd are the two Higgs doublets. The presence of two Higgs
fields in the bulk provides two additional parameters bu and bd for Hu and Hd respectively. We
will show that bd and bu can be suitably manipulated to find a solution where the lepton masses
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and mixing angles can be fit by O(1) choice of bulk mass parameters cE and cL. For a bulk scalar
field in a warped background, the bulk zero mode solutions are not consistent with the boundary
conditions (Neumann) [26, 27]. Brane localized mass terms are added giving rise to modified
Neumann boundary conditions with the brane mass parameter appropriately adjusted to result in
consistent zero mode solutions. Bulk action for a complex scalar field Φ is given as [26, 27]
S =
∫
d4xdy
√−g [∂MΦ∗∂MΦ + (m2Φ + 2bkδ(y)− 2bkδ(y − piR)) |Φ|2] (7)
where we parametrize the bulk mass as m2Φ = ak
2 with a, b being dimensionless quantities. Here
Φ denotes Hu or Hd and correspondingly b denotes bu or bd. Ideally one would expect them to be
O(1). The bulk field Φ is KK expanded as
Φ(x, y) =
1√
piR
∑
n=0
φ(x)f
(n)
φ (y) (8)
The zero mode profile for a bulk scalar is given as [26, 27]
f
(0)
Φ (y) =
√
kpiRζΦe
bky (9)
where
ζΦ =
√
2(b− 1)
2(1−b) − 1 (10)
where  = e−kRpi is the warp factor. The brane parameter b must be tuned to be b = 2 ±√4 + a
to satisfy the boundary conditions for the zero modes. To understand the localization property
of the zero mode, consider the canonically normalized profile given as f˜
(0)
Φ =
√
kpiRζΦe
(b−1)ky.
b > 1(b < 1) implies the zero mode of the Higgs is localized towards the IR(UV) brane.
For a bulk Higgs, the fundamental Yukawa couplings Y
(5)
E have mass dimension -1/2. Using the
KK expansion in Eq.(2) and integrating over the extra-dimension the zero mode mass matrix for
all charged fermions in general is given as
mij = vdY
′
ijζφNLiNEj
(

(cLi+cEj−bd) − 1
bd − cLi − cEj
)
(11)
where we have defined the dimensionless O(1) Yukawa coupling as Y ′E = 2
√
kY
(5)
E . The normal-
ization factor Nca is given by Eq.(4).
Similarly the expression for the neutrino mass matrix can be determined from Eq.(6) as
(mν)ij =
v2u
2Λ
κ′ijNLiNLjζΦ
(

(cLi+cLj−2bu) − 1
2bu − cLi − cLj
)
(12)
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where κ′ = 2
√
kκ. We adapt the technique of χ2 minimization introduced in [24] to identify the
range of bulk paramters of the doublets and charged singlets for all the four configurations which
admit a good fit to the data. The χ2 function is defined as
χ2 =
N∑
i=1
(
Oexpi −Otheoryi
)2
σ2i
(13)
Otheoryi is the model prediction for the value of the i
th observable while Oexpi is its corresponding
experimental number measured with a uncertainty σi. The central values of the observables( O
exp
i )
along with the corresponding σi at the electroweak scale have been taken from [28, 29]. The fitting
of charged lepton masses to high accuracy with which it is measured requires very precise tuning
of the model parameters. Thus we allow up-to 1.5% errors in the masses of the charged leptons
which gives a good estimate of the parameter space of model parameters which fit the data. The
ratio of the vev of Hu and Hd was chosen to be tanβ = 10. All the parameters i.e. the fifteen
Yukawa couplings and the six cL,E parameters are varied so as to minimize the function in Eq.(13).
We consider the points which give a χ2 between 0 and 10 to be a ‘good fit’ to the data. The O(1)
Yukawa couplings were varied between -10 and 10 with a minimum of 0.08 on the magnitude to
avoid un-naturally small Yukawa paramters. All the bulk mass parameters are varied between 0
and 1. We assume neutrino masses to have a normal hierarchy. Fits do not change considerably if
inverted hierarchy is assumed.
We make the following choices for the bulk parameters of bulk Higgs fields and briefly summarize
the results of the fit for all the cases:
(A) configuration: bu = 3.0 for Hu and bd = 0.3 for Hd corresponding to IR and UV localized
scalar fields respectively. In this case the lepton doublets are localized near the UV brane. The
presence of an additional Higgs doublets in the form of Hd facilitates a fit to the charged lepton
masses with O(1) parameters. As shown in Fig.[8] the singlets are localized near the IR brane
with the corresponding c values > −0.5. As can be expected, owing to it’s larger mass, the third
generation singlet is likely to be localized closer to Hd as compared to the first two generation
(B) configuration: Hu is UV localized and Hd is IR localized. We choose bu = 0.65 and bd = 3.0.
The results in this case will be nearly opposite to that of configuration A. As shown in Fig.[9] the
zero mode of the doublets are localized near the IR brane. The corresponding charged singlets are
localized away from the zero mode of Hd near the UV brane.
(C) configuration: bu = bd = 0.65 corresponding to both the zero modes localized near the UV
brane.
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A B
parameter range parameter range parameter range parameter range
cL1 0.81-1.0 cE1 0.16-0.38 cL1 0.0-0.46 cE1 0.66-0.99
cL2 0.81-0.99 cE2 0.32-0.42 cL2 0.0-0.43 cE2 0.62-0.99
cL3 0.82-0.97 cE3 0.40-0.80 cL3 0.12-0.56 cE3 0.48-0.99
C D
cL1 0.08-0.99 cE1 0.06-0.65 cL1 0.87-1.0 cE1 0.13-0.32
cL2 0.32-0.63 cE2 0.32-0.99 cL2 0.83-0.96 cE2 0.34-0.41
cL3 0.41-0.61 cE3 0.41-1.0 cL3 0.83-0.95 cE3 0.44-0.99
TABLE I: Summary of ranges for the bulk mass parameters for all the four configurations.
Note that for configuration B and C the zero mode Hu cannot be sharply localized towards the
UV brane (bu < 0.5) as it would lead to very small neutrino masses. In this case bd = 0.65 was
chosen form simplicity and bd > 0.65 is also permitted. The doublets and the first two generation
singlets are predominantly localized near the IR brane as shown in Fig.[10.].
(D) configuration: Both the zero modes are localized near the IR brane corresponding to the choice
bu = 3.0 and bd = 1.01. In this case the zero mode of Hd cannot be sharply localized towards the IR
brane as it will lead to similar issues faced with a single Higgs localized on the IR brane discussed
in Section[II]. As can be seen from Fig.[11] This case is quantitatively similar to Configuration A
as the changing bd from 0.3 to 1.01 does not significantly change the results of the fit.
The range of bulk masses cL,E for all the four configurations which satisfy the minimum χ
2
requirement are summarized in Table I.
The reader might be inquisitive whether such localization of the two Higgses in the bulk would
lead to correct fits for the hadronic sector or not. The hadronic fits for configurations A and B is
challenging as far the third generation is concerned. For these two configurations, the zero modes
of the two Higgs doublets are localized towards each of the orbifold fixed point (one towards IR
and the other towards the UV). This leads to a tension in the fitting of the bottom and top quark
masses. The large top mass requires the third generation doublet to be closer to the localization
of Hu thereby rendering the bottom quark mass fit to be small with O(1) Yukawa parameters.
This problem can be mildly alleviated by choosing the c value for the third generation doublet to
be cQ3 ∼ 0.5. This corresponds to a delocalized third generation doublet. With this choice it is
possible to fit both the bottom and the top quark mass by choosing the Yukawa parameters for
the third generation in the range between 11 and 12. Allowing the third generation doublet to be
localized either brane will require the O(1) Yukawa coupling for either the top or the bottom mass
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parameter range parameter range parameter range
cQ1 0.24-0.99 cD1 0.2-1.0 cU1 0-1.0
cQ2 0.33-1.0 cD2 0.3-1.0 cU2 0.3-1.0
cQ3 0.63-3.0 cD3 0.44-1.0 cU3 0.6-3.0
TABLE II: Summary of ranges for the bulk mass parameters for configuration C for the hadronic sector.
parameter range parameter range parameter range
cQ1 0.2-0.91 cD1 0-1 cU1 0-0.72
cQ2 0.36-0.64 cD2 0-1 cU2 0-0.62
cQ3 -3.0-0.49 cD3 0-0.35 cU3 -3-0.47
TABLE III: Summary of ranges for the bulk mass parameters for configuration for D hadronic sector.
to be much larger than 12. This represents a slightly fine tuned case.
Configuration C and D on the other hand are more favoured since they allow fits for both
the leptonic and the hadronic sector with choice of O(1) Yukawa between 0.1 and 10. The c
parameters for the light quarks for both the configurations are scanned between 0 and 1. cQ3
and cU3 for configuration C is scanned between 0.5 and 3. For configuration D they are scanned
between -3 to 0.5. This is owing to the large top quark mass which favour the localization of the
third generation doublet and the top singlet closer to the zero mode of Hu. We present the results
of the scan for the quark sector for only these configurations and are given in Table[II] and III.
IV. ISSUES WITH NON-SUPERSYMMETRIC MODELS
As we have seen in Section[III], the brane mass parameters (b) could be appropriately adjusted
to arrive at the four configurations for the localization of the zero mode2. However the zero modes
for the both the Higgs fields were massless. It would be interesting to see it’s implications on the
vacuum conditions of the effective zero mode potential. In this section we quantitatively analyze
the conditions for electroweak minima for each of the four configurations.
We begin with the following two Higgs doublet potential with bulk masses m2u,d and m
2
12.
V (5) = m2u,d|Hu,d|2 −m212
(
H†dHu +H
†
uHd
)
+
λ1
2
(
H†dHd
)2
+
λ2
2
(
H†uHu
)2
+ λ3H
†
dHdH
†
uHu + λ4H
†
dHuH
†
uHd +
λ5
2
[(
H†dHu
)2
+
(
H†uHd
)2]
(14)
2 In principle the presence of m212 in Eq.(14) can modify the profiles. We will assume it to be small compared to
m2u and m
2
d. We can choose m12 ∼ 0.1k
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UVIR UVIR
HdHu Hd Hu
b > 1 b < 1 b > 1 b < 1
A B
UVIR UVIR
Hd
Hu
HdHu
b > 1 b < 1 b > 1 b < 1
C D
FIG. 1: The four different configuration which depict the localization of the zero mode of the Higgs doublet
in the bulk.
KK expanding the fields Hu,d, 4D effective potential for the zero mode is given as
V (4) = −m212H(0)u H(0)d K(0,0)ud +
λ′1
2
(H
†(0)
d H
(0)
d )
2G
(0,0)
dd +
λ′2
2
(H†(0)u H
(0)
u )
2G(0,0)uu + Vcross (15)
where λ′i = kλi are dimensionless parameters. The cross terms in the potential Vcross is given as
Vcross =
[
λ′3(H
†(0)
d H
(0)
d )
2(H†(0)u H
(0)
u )
2 + λ′4(H
†(0)
d H
(0)
u )(H
†(0)
u H
(0)
d ) +
λ′5
2
(
(H
†(0)
d H
(0)
u ) + u↔ d
)]
G
(0,0)
ud
(16)
The dimensionless overlap integrals K,G are defined as
K
(m,n)
ab =
1
piR
∫
dy
√−gf (m)Ha f
(n)
Hb
G
(m,n)
ab =
1
(piR)2
∫
dy
√−g(f (m)Ha )2(f
(n)
Hb
)2 (17)
11
f
(n)
Ha
denotes the bulk profile for the nth KK state of Ha where a = 1, 2. Note that the bulk mass
term for the scalar included in the above potential are used to determine the bulk wave-functions
of the field. Thus in the two Higgs doublet terminology [30, 31], this results in m21 = m
2
2 = 0 at
the effective 4D level. The correction to the potential due to mixing between the zero mode and
the higher KK modes are neglected. We now make a few observations on the conditions required
for electroweak symmetry breaking by investigating the potential at the minimum. We assume the
potential is minimized along the following direction
Hu =
 0
v2√
2
 Hd =
 0
v1√
2
 (18)
The effective 4D potential at it’s minimum is given as
V
(4)
min = −m212v1v2K(0,0)ud +
λ′1
2
v41
4
G
(0,0)
dd +
λ′2
2
v42
4
G(0,0)uu +
[
λ′3 + λ
′
4 + λ
′
5
] v21v22
4
G
(0,0)
ud (19)
The minimization conditions corresponding to the potential in Eq.(19) i.e.
∂V
(4)
min
∂v1
= 0 and
∂V
(4)
min
∂v2
=
0, can be easily derived to be given as
λ′1
2
v21G
(0,0)
dd = m
2
12
v2
v1
K
(0,0)
ud −
[
λ′3 + λ
′
4 + λ
′
5
] v22
2
G
(0,0)
ud
λ′2
2
v22G
(0,0)
uu = m
2
12
v1
v2
K
(0,0)
ud −
[
λ′3 + λ
′
4 + λ
′
5
] v21
2
G
(0,0)
ud (20)
For a moderate tanβ, v2 ∼ 240 GeV and v1 = v2tanβ . Under this assumption the left hand side and
right hand side of both equations of Eq.(20) must have the same order of magnitude (numerically
consistent). We briefly consider the implications of each configuration of bulk Higgses on EWSB.
(A) configuration: Hu is localized near the IR brane and Hd is localized near the UV brane: The
overlap integral G
(0,0)
ab is negligible since the zero modes are localized away from each other. As a
result the integral in Eq.(20) can be simplified to
λ′1
2
v21G
(0,0)
dd = m
2
12
v2
v1
K
(0,0)
ud
λ′2
2
v22G
(0,0)
uu = m
2
12
v1
v2
K
(0,0)
ud (21)
Additionally since m212 is a bulk mass is typically O(k2). Warping down this scale to M2EWSB
would require the overlap integral K
(0,0)
ud to be O(10−32) which is possible if bu ∼ 3. Evaluating
the overlap integrals, the conditions in Eq.(21) can be reduced to
(tanβ)4
bu − 1
1− bd =
(
λ′1
λ′2
)
(22)
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Thus the choice of tanβ ∼ 5, bu ∼ 3 and bd ∼ 0.3 would require the λ′1 coupling to be unnaturally
large for λ′2 ∼ O(1).
(B) configuration: Hu is localized near the UV brane and Hd is localized near the IR brane:
Conclusions similar to configuration A apply to this case as well with the exception that bd ∼ 3 is
required to warp down the m212 bulk mass to electroweak scale.
(C) configuration:Hu an Hd are localized near the UV brane: The overlap integrals G
(0,0)
ab in this
case are O(1). However, the m212 term on the RHS of Eq.(20) does not receive any suppression
resulting in the the set of equations to be numerically inconsistent.
(D) configuration: Hu and Hd are localized near the IR brane: As noted in Section[III], Hd cannot
be localized very close to the IR brane as issue of non-perturbative coupling and hierarchical cE
values would reappear. As a result bu ∼ 3 and bd ∼ 1 are chosen for the fits. After evaluating the
integrals in Eq.(20) for bd, bu > 1 we get
λ′1
2
v21(bd − 1) = h1(bd, bu)m˜2
v2
v1
+ h2(bd, bu)
[
λ′3 + λ
′
4 + λ
′
5
] v22
2
λ′2
2
v22(bu − 1) = h1(bd, bu)m˜2
v1
v2
+ h2(bd, bu)
[
λ′3 + λ
′
4 + λ
′
5
] v21
2
(23)
where m˜2 = e−2kRpim212 and h1, h2 are O(1) functions of bd, bu defined as
h1(bd, bu) =
2
√
(bd − 1)(bu − 1)
bd + bu − 4
h2(bd, bu) =
2(bd − 1)(bu − 1)
bd + bu − 2 (24)
Since m12 . k and for the given choices of bd, bu, the warp factor in the first term on the RHS of
Eq.(23) ensures that it is . O(Melectroweak). Numerically, choosing m12 ∼ 0.1k yields m˜12 ∼ 50
GeV. Additionally, for bu = 3.01 and bd = 1.01 we find that h1 = 14 and h2 = 0.01. The λ
′
couplings are also constrained from the requirement that the potential in Eq.(15) is bounded from
below. Explicitly, it is given as [30, 31]
λ′1 ≥ 0 λ′2 ≥ 0 λ′′3 ≥ −
√
λ′1λ′2 λ
′′
3 + λ
′′
4 − |λ′′5| ≥ −
√
λ′1λ′2 (25)
where λ′′i = h2(bd, bu)λ
′
i for i = 3, 4, 5. A consistent set of solutions for λ
′ and λ′′ couplings which
simultaneously satisfy both Eq.(23) and Eq.(25) requires a significant amount of fine tuning. For
instance choosing tanβ = 10 and m˜12 = 50 GeV we get λ
′
2 ∼ 10−5 and λ′′4 ∼ 11 for O(1) choices
of the other parameters 3. This implies that λ′′4 and therefore the λ′4 (since h2 ∼ 0.01) coupling is
3 For a given tanβ and m˜12, λ
′′
4 and λ
′
2 are fairly independent of the choices of the other λ parameters up-to O(1)
variations.
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non-perturbative. Without resorting to a full numerical fit, we conclude that the case of pure SM
with 2HDM in RS requires significant fine tuning in the λ′ couplings. We now proceed to look for
alternative solutions.
V. SUPERSYMMETRIC EXTENSIONS
In the previous section we saw that all the four configurations of Higgses in the bulk had issues
with electroweak symmetry breaking. A possible solution to this problem is to supersymmetrize
the model. Supersymmetry breaking introduces soft terms 4 of the form m˜2i which could be helpful
in alleviating the fine tuning necessary to achieve EWSB. In addition, m212 which are also generated
due to soft breaking effects will not contribute to the scalar profiles in the bulk. In this section we
discuss the implications of supersymmetrizing the model for all the four configurations.
The extension to supersymmetric scenarios is fairly straightforward. Thus far we have stressed
on two Higgs doublet of Type II in which one Higgs doublet (Hu) couples to the up sector (neu-
trinos) while the other doublet (Hd) couples to the down sector (charged leptons) fermions. This
construction is exactly similar to the Yukawa part of the superpotential where two Higgs doublets
are necessary for the superpotential to be holomorphic. To see the relation between the mass
formula between the supersymmetric and non-supersymmetric case, consider bulk hypermultiplets
of the form ΦZ = (Z,Z
c). Z and Zc are N = 1 chiral multiplets and Z = L,Hu,d, E, U,D. This
results in N = 2 supersymmetry at the effective 4D level. We assume Z and Zc to have opposite
Z2 parities such that at the zero mode level we are left with purely N = 1 chiral multiplets. The
5D superpotential with bulk fields can then be written as [32, 33]
WY UK = e−3σ(y)
(
YULHuU + YELHdE + YDLHdD +
κ
Λ(5)
LLHuHu + . . .
)
(26)
where L,U,D,Hu,d are N = 1 chiral multiplets and σ(y) = k|y|. The dots in Eq.(26) represents
terms of the form LHuE
c which gives rise to corrections to the fermion masses at the loop level.
The bulk profile for the zero mode of the chiral multiplet X is given as [34]
f
(0)
Y = e
3
2
−cY (27)
where cY represents the bulk mass of the corresponding hypermultiplet ΦY . Using Eq.(27) in
Eq.(26) and working in the basis in which the Ka¨hler terms are canonically normalized we find
that the expressions for the masses are exactly the same as in Eq.(11) and (12). The parameter
4 We will assume SUSY breaking on the brane.
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bu,d is identified with the bulk mass of the corresponding hypermultiplet as bu,d =
3
2 − cHu,Hd .
As a result, our analysis using two Higgs doublet model of Type II can be directly applied to
supersymmetric extensions5.
A. Soft breaking terms
Supersymmetry breaking terms are generated on the brane by the interaction of the bulk fields
with the supersymmetry breaking spurion X. It is parameterized as X = θ2F . The spurion X is
chosen to be localized on the brane near which Hu is localized. This is necessary to generate large
Xt to have mHiggs = 125 GeV with light stop masses.
K(4) =
∫
dyδ(y − a)e−2kpiRk−2X†X
(
βY,ijY
†
i Yj
)
(28)
where β have dimensional carrying negative mass dimensions of -1 ( as the matter fields are five
dimensional).
The soft masses are generated when the X fields get a vacuum expectation value. The sfermion
mass matrix will however not be diagonal in flavour space. In the canonical basis the mass matrices
are of the form [32, 33, 35–37]
(m2
f˜
)ij = m
2
3/2 βˆij e
(1−ci−cj)kRpiNiNj (29)
where βˆij = 2kβij are dimensionless O(1) parameters. Ni are defined in Eq.(4). The gravitino
mass is defined as
m23/2 =
< F >2
k2
=
< F >2
M2Pl
(30)
The localization of the superfields at different points in the bulk also lends a flavourful structure
to the soft mass matrices. For X localized at the y = a orbifold fixed point, they are given as
m˜2ij = m
2
0ζφNiNje(1−ci−cj)ka (31)
where m0 is the soft mass scale. The presence of SUSY breaking effects is useful on many accounts:
First the mass term m212 are generated only after supersymmetry is broken. As a result it helps in
justifying their non-inclusion to determine the bulk profiles of the scalar fields. Secondly, the choice
of bu = 3 in configuration A and bd in configuration B is necessary to warp down m
2
12 (which is
O(MPL)) to the electroweak scale. Since these terms are generated due to supersymmetry breaking
effects they are naturally of O(TeV) or below.
5 For configurations A and B the fits must be done with bu ∼ 1 and bd ∼ 1 respectively. This is to prevent the
warping of m12 generated due to soft supersymmetry breaking effects.
15
VI. LEPTON FLAVOUR VIOLATION
Mixing of the SM fermions with the KK states of various fields gives rise to additional con-
tributions to the flavour changing processes. The rare flavour violating decays can arise at tree
level(lj → lilklk) and at the one loop diagrams of the form lj → li + γ. In the presence of SUSY,
flavour violation in the presence of soft terms would contribute with the corresponding neutrali-
nos/charginos. In the following we will assume m0 to be > 5 TeV as a result of which the MSSM
contributions to the flavour processes are suppressed. The contributions to the flavour processes
due to the KK states of the superpartners is similar to the MSSM contribution. This can also be
suppressed by assuming the lowest KK scale i.e k ∼ 5 TeV [38]. However we shall see that even
by assuming a lowest KK scale as large as 5 TeV is not sufficient to suppress the FCNC due to the
SM KK states in our model.
Tree Level: The contribution to tree level decays are predominantly due to the non-universal
coupling of the zero mode fermions to the first KK state of the Z boson (Z(1)). In the presence of
two Higgs doublets the physical Higgs spectrum consists of 2 CP even scalars, one pseudo scalar
and two charged Higgs. Sub leading contributions due to tree level exchange of neutral scalars (h,H
and A) also arise and depend on the mixing angle δ (defined in Equation(C3)), which parametrizes
the mixing between the zero mode and the higher KK modes of the scalars. As shown in Fig.[12],
it is at-most O(1) depending on the position of localization of the Higgses. δ is negligible for con-
figurations A and C, since zero mode of Hd is localized close to the UV brane. For configurations
B and D where the zero mode of Hd is localized near the IR brane (b > 1) implying δ is O( v2M2kk ).
In addition, this contribution also depends on the coupling Y 001d (defined in Eq.(B5) of left and
right chiral zero mode fermion to the first KK state of Hd. As shown in Fig[9] for configuration B,
since the majority of points, especially for the first two generation which fit the masses correspond
to c > 0.5, the overlap of the corresponding zero mode with the KK state of Hd will be small.
Similarly for configuration D, the zero mode for the doublets are also localized very close to the
UV brane as shown in [11] which will also result in the corresponding coupling Y 001d to be very
small. As a result we do not consider their effects for tree level processes.
The tree level processes j → ikk can be parametrized by the following effective terms in the
lagrangian
− Le{{ =
4GF√
2
[
βij3 (¯iRγ
µjR)(k¯RγµkR) + β
ij
4 (¯iLγ
µjL)(k¯LγµkL)
+ βij5 (¯iRγ
µjR)(k¯LγµkL) + β
ij
6 (¯iLγ
µjL)(k¯RγµkR)
]
+ h.c. (32)
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where i, j, k denote flavour indices and the flavour changing vertex is parameterized by βijα (α =
3, 4, 5, 6). The expression for the branching fraction in terms of the co-efficients βijα can be found
in [16]. Fermion fields whose zero modes are localized close to the UV brane i.e. c > 0.5 or are
localized close to the IR brane i.e. c < −5, will couple universally to the first KK mode of the
gauge boson [24, 27]. We now discuss the implications of fermion localization on tree-level FCNC
for all the four configuration of Higgs in the bulk.
(A) configuration: Hu is localized near the IR brane and Hd is localized near the UV brane:
As shown in Table[I] and in Fig.[8], the neutrino mass fits require the lepton doublets close to
the UV brane. Thus the doublets couple universally to Z(1), giving negligible contribution to tree
level FCNC. The charged singlets, however have non-universal coupling to gauge KK states which
could constrain the available parameter space for cE . Figure [2] depicts the total parameter space
of the charged singlets in green and available parameter space in black after the constraints from
tree level FCNC are imposed. The mass of the first KK state of Z is chosen to be 2 TeV for the
calculations. From the figure we see that there is a small amount parameter space (represented by
black dots) available which satisfy the constraints from tree level processes.
(B) configuration: Hu is localized near the UV brane and Hd is localized near the IR brane: As
shown in Table.[I], since the doublets and the singlets (especially the first two generation) have a
tendency to be localized near the UV brane, the constraints from tree level FCNC are weak. As
a result it is possible to find points which satisfy the constraints for a lowest gauge KK mass of
around 2 TeV.
(C) configuration: The configuration where both the Higgs are localized near the UV brane is far
more constrained. As seen in Table.[I], unlike the case B, the doublets no longer couple universally
to the KK state of Z. Along with the singlets, they give rise to appreciable contribution to the
tree level FCNC. Thus the minimum gauge KK scale required to satisfy the constraints from all
tree level processes increases to around 11 TeV.
(D) configuration: Both the Higgs doublets are localized near the IR brane. Since the distribu-
tion of c parameters in this case is very similar to configuration A the conclusions for this case are
similar to configuration A.
Loop level graphs: As shown in Fig.[3] in addition to the physical Higgs (h) in the loop,
there will be additional contributions due to heavier CP even eigenstate (H), pseudo scalar (A)
and the charged Higgs graph (H+). The contribution due to the Goldstone boson in the Rξ gauge
will be similar to the charged Higgs graph. The effective lagrangian for the process j → iγ can be
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FIG. 2: Green region depicts total available parameter space of cE which fit charged lepton masses for
configuration A. The black points represent the available parameter space after the constraints from tree
level processes (li → lj lklk) are imposed for MKK = 2 TeV.
parameterized as
− Leff = AR(q2) 1
2mj
i¯Rσ
µνFµνjL +AL(q
2)
1
2mj
i¯Lσ
µνFµνjR
(33)
In terms of the co-efficients AL, AR the Branching fraction for the loop induced process is given as
BR(lj → liγ) = 12pi
2
(GFm2j )
2
(A2L +A
2
R) (34)
The discussion of loop induced decays for the four configurations of Higgses can be divided into
two categories:
1) Hd localized near the UV brane.
This case corresponds to configurations A and C discussed in Section[II]. For this case let us first
consider the contribution due to the exchange of neutral scalar states in the loop as shown in the
left panel of Fig.[3]. The mass-insertion in the internal KK fermion line (represented by a dot) can
be expressed by the following integral
g(n,m) =
1
(piR)3/2
∫
dyf (n)(y)f (m)(y)f
(0)
Hd
(y) (35)
where f
(0)
Hd
is defined in Eq.(9) and f (n)(y) is the profile for the nth KK mode of the fermion and
is given as [27]
f (n)(y) =
eky
Nn
[
Jα(
mn
k
eky) + bαYα(
mn
k
eky)
]
(36)
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j iL(n) E(n) j iN
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γ
γ
FIG. 3: The figure shows the contribution to process j → iγ due to exchange of neutral scalar mass
eigenstates (h,H,A) on the left and charged Higgs on the right.
where α =
√
1
4 + c(c± 1) for the L(R) fields and Nn is the normalization factor. Jα(Yα) are
Bessel’s function of first(second) kind with order α.
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FIG. 4: The figure shows the overlap between two fermion KK fields and the vev in the mass insertion
approximation.
As shown in Fig.[4] the integral g(n,m) will be negligible for these cases since the zero mode
of Hd and the KK states are localized away from each other. In addition, consider the coupling
Y
(0,n,0)
dij of a zero mode fermion with flavour index i with KK fermion state with flavour index j and
a scalar mass eigenstate as defined in Appendix[B]. The diagram on the right panel of Fig.[3] is
proportional to (Y
(0,n,0)
d )
2
ij which is negligible in this case. Fig.[6] depicts the coupling (Y
(0,n,0)
d )
2
ij
as a function of fermion bulk mass parameter for two different values of brane mass parameter bd.
In such a scenario the main contribution arises due to the KK states of Hd. It will be due to the
exchange of KK state of Hd φ
+(n)
1 as shown in Fig[7]. There will also be a similar contribution due
to ρ
(n)
1 in the loop. Since the right handed singlets are localized near the IR brane (c < 0.5), it’s
coupling to the first KK state of Hd and KK fermion will be O(1) as shown in Fig.[5]. The Wilson
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co-efficient AR in this case is approximately given by
AR ∼ 1
16pi2
(Y 011d )
2m2µ
M2KK
(37)
where Y 011d is coupling of zero mode fermion with the first KK state of L and Hd. Fig.[5] represents
it’s dependence on the fermionic bulk mass parameter c. Since the mass insertion is on the external
line, AL being suppressed by the electron mass me is negligible compared to AR. Using this
expression in the branching fraction expression in Eq.(34) we find that for µ → eγ, lowest KK
scales in excess of 100 TeV is required to constrain the BR below the experimental upper bound
of 5.7× 10−13 [39]. This is primarily due to the fact that the coupling of the right handed singlets
to the KK states of Hd and L is O(1).
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FIG. 5: The figure shows the overlap (Y 011d ) between a zero mode fermion with the first KK state of L and
Hd. cL = 0.86 is chosen for the first KK state of L
b=2.3
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FIG. 6: The figure shows the coupling Y 010d between a zero mode lepton, KK fermion and scalar mass
eigenstate for two specific values of the brane mass parameter b. The left panel corresponds to the case
where the Higgs field Ha is localized near the IR brane b > 1 while the right panel corresponds to the case
where it is localized towards the UV brane b < 1
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2)Hd localized near the IR brane.
Configurations B and D fall under this category. For configuration B the dominant contribution
will be due to the exchange of h,H,A in the loop. The contribution due to Fig.[7] will be smaller
in comparison as the singlets and the doublets (especially for the first two generations) are pre-
dominantly localized near the UV brane (c > 0.5) as shown in Fig:[9]. This case also requires KK
mass of several TeV to suppress the loop induced decays( µ→ eγ in particular).
Configuration D, on the other hand receives contribution due to both Figures 3 as well as [7].
Similar to configuration A very heavy KK masses O(100) TeV is required to suppress the rates.
φ
+(n)
1
jL iR
ν
(n)
L
γ
FIG. 7: Figure shows the dominant contribution to lj → li + γ decay due to exchange of φ+(n). The dot
denotes mass insertion. The localization of the first two generation charged singlets close to the IR brane
(c < 0.5) results in O(1) overlap with the KK states as shown in Fig.[5].
VII. MINIMAL FLAVOUR VIOLATION
As discussed in the previous section and also noted in [16, 24, 40], RS model with bulk fermions
and gauge bosons typically give rise to large contributions to the loop induced decays for low lying
KK scales which are within the reach of the LHC. As a result the regions which fit the lepton mass
and mixing data in Fig.[2] are ruled out when constraints from the flavour sector are taken into
consideration. One solution is to consider RS at the GUT scale where low lying KK scales are
naturally of O(MGUT ) thus giving negligible contribution to the flavour changing processes [37].
In this work we explore the alternative of invoking flavour symmetries as a solution to constrain
the flavour changing currents. In particular we use the approach of the Minimal Flavour Violation
(MFV) ansatz which was first introduced for 4D theories in the hadronic sector [41]. According to
this proposal all new sources of flavour violation are completely embedded in the Yukawa couplings
of the SM. Its implementation in the leptonic sector is not unique owing to various modes of neutrino
mass generation and various possibilities were discussed in [42].
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In the RS sector the large contribution to the flavour violating processes results owing to the
misalignment between the mass matrix which is a function of the bulk mass parameters and the
flavour structure of the processes which are a function of the Yukawa couplings. This can be
alleviated by using the ansatz of MFV applied to the RS sector first pointed out in [19] for the
quark sector. It’s extensions to the leptonic was considered in [17, 24, 40]. According to this ansatz
the bulk Yukawa matrices can be rotated using the flavour group to be aligned with the bulk mass
matrices. This reduces the misalignment between the flavour basis and the mass basis thereby
giving a suppressed contribution to the flavour changing processes.
For the case under consideration the major contribution to the loop level diagrams is due to
the mixing of the SM states with the KK states parametrized by Y ′E . MFV can be applied to this
if we impose the following flavour symmetry on the bulk lagrangian.
Glepton ≡ SU(3)L × SU(3)E (38)
The fundamental 5D Yukawa couplings have the following transformation under Glepton:
YE → (3, 3¯) ;κ→ (6, 1) (39)
The bulk masses can be expressed in terms of the O(1) Yukawa couplings as
cL = a1I + a2Y
′
EY
′†
E + a3κ
′κ
′† cE = bY
′†
E Y
′
E (40)
Using the flavour symmetry, we can work in a basis in which Y ′E is diagonal. In this basis κ
′ is
defined as [42]
κ′ ∝ U∗PMNS

mν1 0 0
0 mν2 0
0 0 mν3
U †PMNS (41)
The proportionality constant is MPl
v2
. To see how the imposition of MFV affects the fermion
mass fits, we provide an illustrative example for Configuration A. We choose cL = 0.87 for all
three generations. To fit the charged lepton masses we choose cE = Diag(0.256, 0.418, 0.56). The
corresponding O(1) Yukawa couplings are Y ′E = Diag(0.69, 0.875, 1.02). In this case the parameter
b in Eq.(40) is chosen to be 0.538.
Similarly we provide an illustrative example for Configuration D. We choose cL = 0.87 for all
three generations. The charged lepton masses by choosing cE = Diag(0.2407, 0.427, 0.85). The
corresponding O(1) Yukawa couplings are Y ′E = Diag(1.26, 1.66, 2.29). The parameter b in this
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is chosen to be ∼ 0.153. Similar examples can be obtained for the other two cases as well. On
comparing with the leptonic fits in Table[I], we find that the imposition of MFV does not change
the fundamental nature of fits. The only requirement is that the c parameters chosen for the fit
must be proportional to the Yukawa couplings.
We can construct a flavour violating combination (∆) transforming as (8,1) under Glepton as
∆ = κ
′†κ′ (42)
The higher dimensional operator invariant under Glepton which parametrizes j → iγ is given as
Oj→iγ = e5H†dYEE¯iσµν∆LjFµν (43)
where the fields are bulk fields. The contribution of flavour changing diagrams (parameterized by
∆) will be proportional to v
2
M2PL
as a result of the higher dimensional operator being suppressed by
the Planck scale. Thus as a result of implementing the MFV ansatz the dangerous flavour violating
contributions are highly suppressed.
VIII. CONCLUSIONS
Neutrino masses through quantum gravity effects is an interesting possibility. In an effective
theory this is represented by the LLHH operator. Phenomenologically the LHLH scenario with
large warp factor and a single Higgs doublet is known to give an unsatisfactory fit to the data
owing to the large negative values of the cE parameters. Such scenarios can however be effectively
rescued by considering Higgs fields in the bulk. In particular, models with two Higgs doublets
of Type II were considered which are useful when supersymmetric models are considered. Four
configuration of Higgs fields in the bulk were considered. The neutrino and charged lepton masses
as well as the neutrino mixing angles for all the four configurations, can be fit with O(1) choice of
bulk parameters. Constraints from flavour are very severe often requiring the the lowest KK scales
to be very heavy. Minimal Flavour Violation (MFV) is a useful tool which helps in controlling the
branching fractions without the introduction of heavy scales in the theory. We provide an example
for the implementation of the MFV scenario for the case under consideration. The scenario of RS
with two Higgs doublets is still in its infancy. It could be interesting to consider various issues
relating to vacuum stability, electroweak precision constraints etc. which could establish such
models on a much firmer footing.
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Appendix A: Parameter space of bulk masses
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FIG. 8: Parameter space of bulk masses for configuration A. The graphs in the upper row shows the param-
eter space for the bulk masses for doublets (cLi) while the lower row shows the corresponding parameter
space for for the charged singlets cEi . All points satisfy 0 < χ
2 < 10.
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FIG. 9: Parameter space of bulk masses for configuration B.
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FIG. 10: Parameter space of bulk masses for configuration C.
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FIG. 11: Parameter space of bulk masses for configuration D.
Appendix B: Two Higgs doublet potential in RS
The zero mode doublets can be expressed as:
H(0)u =
 φ+(0)2
v2+ρ
(0)
2 +iη
(0)
2√
2
 H(0)d =
 φ+(0)1
v1+ρ
(0)
1 +iη
(0)
1√
2
 (B1)
Three of these fields are unphysical as they are eaten up by the W and Z gauge bosons resulting
in 5 physical mass eigenstates: 2 CP even, 1 CP odd and 2 charged Higgs. The mass eigenstates
are related to the interaction eigenstates by the following transformation:φ+1
φ+2
 = O(β)
G+
H+
 ,
η1
η2
 = O(β)
G(0)
A
 ,
ρ1
ρ+2
 = O(α)
h
H
 (B2)
where
O(θ) =
cos θ − sin θ
sin θ cos θ
 (B3)
The coupling of the SM fermions to the Higgs mass eigenstates is exactly the same for a general
type II two Higgs doublet model in 4D and is given in[30, 31]. The coupling of a zero mode and
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KK mode charged fermion with the CP even scalar eigenstates is given as
L = DLik
Y
(0,1,0)
dkj√
2
d¯
(0)
Li
[Hcα − hsα] d(1)Rj +
Y
(1,0,0)
dik√
2
D†Rkj d¯
(1)
Li
[Hcα − hsα] d(0)Rj
+ ULik
Y
(0,1,0)
ukj√
2
u¯
(0)
Li
[Hsα + hcα]u
(1)
Rj
+
Y
(1,0,0)
uik√
2
U †Rkj u¯
(1)
Li
[Hsα + hcα]u
(0)
Rj
(B4)
where UL,R(DL,R) are the left and right rotation matrices for the up(down) sector. The overlap
matrices Y
(n,m,k)
aij , which parametrizes the coupling of n
th and mth KK mode of left and right chiral
fermion respectively with the kth KK mode of Hd are defined as
Y
(n,m,k)
a(ij) =
Y ′
(kpiR)3/2
∫
dy
√−gf (n)Li (y)f
(m)
Rj
(y)f
(k)
Ha
(y) a = u, d (B5)
Here Y ′ = 2
√
k in general denotes the O(1) of the fermions to the Higgs. Similarly the coupling
to the CP odd eigenstate is given as
L = = −DLik
Y
(0,1,0)
dkj√
2
d¯
(0)
Li
Asβd
(1)
Rj
+
Y
(1,0,0)
dik√
2
D†Rkj d¯
(1)
Li
Asβd
(0)
Rj
− ULik
Y
(0,1,0)
ukj√
2
u¯
(0)
Li
Acβu
(1)
Rj
+
Y
(1,0,0)
uik√
2
U †Rkj u¯
(1)
Li
Acβu
(0)
Rj
(B6)
and the charged Higgs is given as
L = = −DLik
Y
(0,1,0)
dkj√
2
d¯
(0)
Li
H−sβu
(1)
Rj
− Y
(1,0,0)
dik√
2
U †Rkj d¯
(1)
Li
H−sβu
(0)
Rj
− ULik
Y
(0,1,0)
ukj√
2
u¯
(0)
Li
H+cβd
(1)
Rj
+
Y
(1,0,0)
uik√
2
D†Rkj u¯
(1)
Li
H+cβd
(0)
Rj
(B7)
Appendix C: Mixing of zero mode and KK modes of Ha (a = u, d)
The presence of interaction terms in the bulk, leads to the mixing of the zero mode and higher
KK modes of the bulk scalar field Ha. For simplicity will will consider only one KK mode. We will
consider the case of Hd and exactly similar argument will follow for Hu as well. The 2 × 2 mass
matrix which illustrates this mixing for the charged component of Hd, in the basis
(
φ
+(0)
1 , φ
+(1)
1
)T
is given as
M
φ
+(0)
1 ,φ
+(1)
1
=
m212 v2v1K(0,0)ud − λ′4+λ′52 v22G(0,0)ud λ′12 v21H00011111 + λ′32 v22H00011122
λ′1
2 v
2
1H
0001
1111 +
λ′3
2 v
2
2H
0001
1122 M
2
KK + ′(v2)
 (C1)
where we have defined another overlap integral Hmnlpijkl as
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FIG. 12: Figure shows the overlap integral H0001 as a function of b parameter of the scalar field.
Hmnlpabcd =
1
(piR)
a+b+c+d
2
∫
dy f
(m)
Ha
f
(n)
Hb
f
(l)
Hc
f
(p)
Hd
(C2)
while K
(m,n)
ab and G
(m,n)
ab are defined in Eq.(17). Here, a, b, c, d = 1, 2. f
(m)
Ha
(y) is the bulk profile
for the mth KK state of Ha. Defining the mixing angle to be
δ =
O(v2)Habcdijkl
M2KK
(C3)
the mass eigenstate for the zero mode is now given as
φ
(0)+
1M = φ
(0)+
1M − δφ(1)+1 (C4)
Thus in the mass basis of the fermions, the coupling of two fermions to φ
(0)+
1M lead to additional
sources of FCNC due to charged Higgs at the tree level. Similar conclusions apply to the mixing of
the zero mode of the real and the imaginary components of Ha with their respective KK counter-
parts leading to neutral FCNC at the tree level due to exchange of h,H,A. The, “non-universality”
in this case is parameterized by the overlap integral Habcdijkl defined in Eq.(C2). As can be seen from
Fig[12], this quantity is at-most O(1) for a scalar field localized near the IR brane (b > 1) while it
is negligible for a scalar field localized near the UV brane (b < 1).
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